The classification method of relative permeability curves is rarely reported, when relative permeability curves are applied; if the multiple relative permeability curves are normalized directly, but not classified, the calculated result maybe cause a large error. For example, the relationship curve between oil displacement efficiency and water cut, which derived from the relative permeability curve in LD oilfield is uncertain in the shape of low water cut stage. If being directly normalized, the result of the interpretation of the water flooded zone is very high. In this study, two problems were solved: 1) The mathematical equation of the relationship between oil displacement efficiency and water cut was deduced, and repaired the lost data of oil displacement efficiency and water cut curve, which solve the problem of uncertain curve shape. After analysis, the reason why the curve is not available is that relative permeability curves are not classified and optimized; 2) Two kinds of classification and evaluation methods of relative permeability curve were put forward, the direct evaluation method and the analogy method; it can get the typical relative permeability curve by identifying abnormal curve.
Introduction
There are few reports on the classification of relative permeability curves, and the static parameter method represented by J function is common, but the relative permeability curve is the core of static and dynamic transformation. Static parameters alone are not sufficient to describe the full meaning of the curve, such as the law of water cut rising, etc. Based on the relative permeability curve meability curve into five categories, and analysed the geological characteristics of each curve. He Jianmin [3] summarized and analyzed the reasons of abnormal curve, but did not give recognition and repair method of abnormal curve.
In the water flooding experiment, when the water is produced, the water content is higher, so there is no experimental data in the low water cut stage ( Figure   1 ), and there is uncertainty in the shape of the curve ( Figure 1 and Figure 2 ).
Although the missing curves can be repaired by the normalization [4] [5] [6] [7] of the relative permeability curves, the results of the interpretation of the waterline layer are higher and the error is larger.
Generally, the lower the viscosity of crude oil is, the slower the increase rate of water cut is [8] [9] [10] [11] . The crude oil viscosity is 13 mPa·s in LD oilfield and 50 mPa·s in SZ oilfield. However, the relationship between oil displacement efficiency and water content in the two oilfields shows the abnormal phenomenon that water cut rises faster in low water content stage in LD oilfield ( Figure   3 ) and this phase is exactly the missing piece of experimental data. The reason is that there may be abnormal curves in many relative permeability curves, which need to be optimized and corrected [12] [13] [14] .
Based on the actual production of oilfields, two classification methods are proposed to optimize the relative permeability curves, and the two methods are combined; recognition gives the abnormal curve, thus obtaining the representative curve of oil field, and then guides the development and production of oil fields.
Derivation of Mathematical Relationship between Oil Displacement Efficiency and Water Cut
The oil-water two-phase relative permeability curve expression [15] 
where K ro is relative permeability of oil phase, K rw is relative permeability of water phase, S w is water saturation.
According to the fractional flow equation, under the condition of ignoring the effects of capillary force, gravity and dissolved gas, the water cut can be expressed as:
where f w is water content. Q o is daily oil production, the unit is m 3 /d. Q w is daily water production, the unit is m 3 /d. μ o is oil viscosity, the unit is mPa·s. μ w is water viscosity, the unit is mPa·s.
The oil displacement efficiency expression is:
where η is oil displacement efficiency. S wi is original oil saturation.
The relationship between oil displacement efficiency and water content can be World Journal of Engineering and Technology 
Take the logarithm:
In the above formula, B and C + ln(A) are constants, let
, so they can be simplified to:
The above formula is the mathematical expression of oil displacement efficiency and water content, and it can be seen from the expression that oil displacement efficiency and the logarithm of water content are linear. By fitting curve, the exact expression of the displacement efficiency and water cut can be determined, and then the curve form is completed.
Mathematical Relationship Verification between Oil Displacement Efficiency and Water Cut
As the largest oilfield in Bohai sea, SZ oilfield has accumulated a lot of experience in the interpretation of water-flooded layers. In order to verify the correctness of the derived mathematical equation of oil displacement efficiency and water content, it is applied to SZ oil field first, and then to guide the application of the equation in LD oil field. The relative permeability curve of SZ oilfield is shown in Figure 4 . Figure 5 is a linear relationship between oil displacement efficiency and water content corresponding to relative permeability curve.
According to Figure 5 linear fitting relation, the mathematical relation between oil displacement efficiency and water content is obtained.:
The relation curve between oil displacement efficiency and water content can be calculated by using the above formula, and its calculated value and actual value are compared as shown in Figure 6 . It can be seen from the figure that the fitting effect is very good.
However, LD oilfield is the case of missing data points in front ( The curve of the orange curve in Figure 9 is a repaired curve. It is shown that the curve is different from the actual curve at low water cut stage, and further correction is needed.
Mathematical Relationship Correction between Oil Displacement Efficiency and Water Cut
The exponent part of Formula (5) is:
The above formula is drawn as Figure 10 . After analysis, the reason why the error in the low water cut stage is greater is that the smaller the oil displacement efficiency, the faster the index (Y value in Figure 10 ) rises, so the error is bigger.
The cause of the error is found, and then the curve can be corrected. points can be estimated based on the triangle similarity principle. A simple diagram is shown in Figure 12 . The comparison before and after the correction is shown in Figure 13 . It can be seen that the curve error after correction is small World Journal of Engineering and Technology and the maximum error is only about 5%, which can be used for the interpretation of the water flooded layer. The correctness of the mathematical equation of oil displacement efficiency and water content is proved. There are 4 relative permeability curves in LD oilfield. After correction, as shown in Figure 14 , the water content range is 20% to 48%, when the displacement efficiency is 88%. The data span is large. Therefore, if the relative permeability curve is normalized directly for use, the accuracy of the results of interpretation is difficult to ensure, there will be a large error. The curve must be corrected.
Therefore, the reason for the high interpretation result of the water flooded layer is that the relative permeability curve has not been classified and optimized, and the water content has increased faster than the heavy oil field.
Classification Evaluation Method of the Relative
Permeability Curve
Conventional Classification Method
The common classification method of relative permeability curve is a static Comparing the classification data (Table 1) with the oil displacement efficiency and water cut curve (Figure 14) , we can see that there is no regularity between the data and the curve shape. This is because the conventional classification method is only based on the geological static parameters, and the relative permeability curve contains both geological and dynamic parameters. It is the central link of static and dynamic transformation. Therefore, only static parameters are used to classify the curve, it is not enough to describe all the information represented by the relative permeability curve, and there are certain defects.
Direct Evaluation Method
Take the logarithm of both sides of Formula (1):
The above formula can be transformed into: 
The slope and intercept of the Formula (11), and the exponential part of the Formula (12) are related to the shape of the oil-water relative permeability curve, so the slope, intercept and index can quantitatively characterize the morphology of the curve, and they can be used as a basis for the classification of relative permeability curves. It can be seen from mathematical expressions that the ratio of oil-water relative permeability has a linear relationship with water saturation (Formula 11). According to relative permeability curve data, draw a straight line diagram as follows:
The mathematical relationship is as follows: 
The slope, intercept and index statistics of each line are as follows.
It can be seen from Table 2 
Analogy Method
By analogy with the curve of oil field with slightly larger viscosity, the curve can be classified qualitatively according to the rising law of water content. The comparison of each oil displacement efficiency and water cut curve of LD oilfield is shown in Figure 16 . The black curve in Figure 16 is for the SZ field, the viscosity of the crude oil is 50 mPa·s, and the viscosity of the LD field is 13 mPa·s.
Compared with the curve of the SZ oilfield, it can be found that the rock samples 1 and 2 can be divided into one class, and the rock samples 3 and 4 are divided into one class.
According to the influence of viscosity on the rising rate of water, it can be qualitatively judged from Figure 16 that the curves of rock samples 1 and 2 are reasonable, because water cut is rising more slowly, so they are the representative curves of LD oilfield. The red curve in Figure 17 is the result of normalization of the rock sample 1 and 2 curves. The green curve is unoptimized; it is the result of direct normalization of the four curves. Figure 15 . Fitting of linear relation of relative permeability curve. Figure 16 . The oil displacement efficiency and water cut curve.
As can be seen from Figure 17 , the difference between the red and green curves is very obvious, and the calculation accuracy of the relative permeability curve can be improved by classification, especially for the interpretation of the World Journal of Engineering and Technology 
Application

Historical Fitting of Numerical Simulation
The relative permeability curves before and after optimization were put into the CMG numerical simulation software to calculate the water cut of a well. The comparison results are shown in Figure 18 . It can be seen that the fitting effect of the optimized relative permeability curve is better than that before optimization, thus reducing the workload of numerical simulation parameters adjustment. In addition, it was applied to the interpretation of water flooded zones in oilfield adjustment wells, which guided the optimization of perforation project and achieved good development results.
Law of Water Cut Rising
Using the fractional flow Formula (17), combined with the water injection development process, the average water saturation of oil layer can be expressed by the Formula (18). According to the two standardization results of LD oilfield, the theoretical curve of water content and water cut rising rate can be calculated by using Formula (17) and Formula (19), the comparison with the actual production data is shown in Figure 19 . ( )
where N P is cumulative oil production, the unit is m 
where w f ′ is Water content derivative, R f is recovery percent, S or is residual oil saturation.
As can be seen from Figure 19 , theoretical curve of water content and water cut rising rate obtained from the optimized relative permeability curve is in good agreement with the actual situation of the oil field. It shows that this method is more in line with the actual oil-water migration law of reservoir.
Conclusions
1) The mathematical model of oil displacement efficiency and water cut has World Journal of Engineering and Technology been deduced by combining the equation of the fractional flow equation, oil displacement efficiency and relative permeability curve. The correctness of the equation is verified by the data of relative permeability curve in SZ oilfield.
2) Two methods of classification and evaluation of relative permeability curves are proposed: direct evaluation and analogy method. The direct evaluation method can classify the curve quantitatively according to the characteristic value, and the analogy method can classify the curves qualitatively according to the law of the effect of viscosity on water cut rise. In the practical application process, it is necessary to combine the two methods to identify the abnormal curve, so as to obtain the representative relative permeability curve of the oilfield. The classification and optimization can ensure the accuracy of the application of the relative permeability curve, especially for the interpretation of the water flooded layer.
3) The classification method of relative permeability curve was applied to LD oilfield, and a representative relative permeability curve was obtained. By using the direct evaluation method, the multiple relative permeability curves were divided into two categories, and then the curve which is more in line with the law of water rising was chosen by analogy. It is proved by practical application that the optimized relative permeability curve is more in line with the actual oil field and more representative.
